The protection of drinking water from pathogens such as Cryptosporidium and Giardia requires an understanding of the short-term microbial release from faecal contamination sources in the catchment. Flow-weighted samples were collected during two rainfall events in a stream draining an area with on-site sewers and during two rainfall events in surface runoff from a bovine cattle pasture.
INTRODUCTION
Peak concentrations of pathogens in a drinking water source due to short-term microbial release represent a risk for waterborne infections among drinking-water consumers.
Sources for human pathogens include on-site sewers and municipal sewage systems in urbanised areas such as treated wastewater effluent and sewer overflows. Zoonotic pathogens from animals may be distributed as a diffuse leakage from cattle pastures and agricultural activities in the catchment. Compared with human faeces, the risk related with animal faeces is considered to be low (Field & Samadpour ) , but waterborne outbreaks have been linked to animal pathogens such as Campylobacter spp. and the parasites Giardia spp. and Cryptosporidium spp. Cryptosporidium parvum oocysts, Escherichia coli and PRD1 bacteriophage seeded into artificial bovine faecal pats during simulated rainfall events. It was reported that rainfall events mobilised 0.5-0.9% of the C. parvum oocysts from faecal pats and transported them a distance of 10 m across the bare soil sub-plot, while the transport at vegetated sub-plots was substantially lower. Field measurements during rainfall events are needed to characterise the mobilisation of pathogens under natural condition from cattle pastures as well as from on-site sewers. In the context of microbial events, MST analysis using host-specific genetic markers of the order Bacteroidales may be used as a complement to traditional microbial analyses, providing additional support for ruminant-or human-specific release of faecal matter into the water source.
From Lake Rådasjön on the Swedish west coast, drinking water is provided to potentially more than half a million people. The parasites Cryptosporidium spp. and Giardia spp. have been detected at low levels in regular raw water monitoring, indicating a potential risk for infection particularly in the case of suboptimal drinking water treatment. Point sources include on-site sewers and the municipal sewer systems that overflow during heavy rainfalls, while diffuse sources include nearby cattle and horse pastures with surface runoff to the lake. Recently, a microbiological module coupled to a three-dimensional hydrodynamic model was used to assess the transport of Bacteroidales genetic markers BacH and BacR and potential pathogens from selected contamination sources to the raw water intakes (Sokolova et al. a, b) . While hydrodynamic modelling accounts for the dynamic change in, for example, wind, water temperature and flows into the lake, the rapid water quality changes at single contamination sources due to rainfall events needs to be addressed.
The aim of this study was to characterise the short-term microbial impact from on-site sewers and a waterfront cattle pasture during rainfall events, using flow-weighted sampling.
The samples collected during the events were analysed for human and ruminant Bacteroidales genetic markers (BacH and BacR) and sorbitol-fermenting bifidobacteria (SFB), in addition to faecal indicator bacteria, somatic coliphages and physico-chemical parameters. Samples were also analysed for the parasites Giardia spp. and Cryptosporidium spp. Furthermore, sewage, soil, manure and sediment were analysed as reference samples to determine levels of BacH and BacR in faecal matrices and potential background in non-faecal environmental matrices.
MATERIALS AND METHODS

Study area
Lake Rådasjön has a surface area of close to 2 km 2 and a catchment area of 14.9 km 2 , being part of the larger catchment area of the river system Mölndalsån (268 km 2 ). events, the sampling tube was rinsed three times prior to each subsample collection to minimise contamination between the sampling cycles. To evaluate the extent of carryover in the sampling, a series of sterile deionised water, undertreated sewage and sterile deionised water were sampled and analysed for total coliforms, E. coli and the human genetic marker BacH (see below). The carryover due to contamination in the sampling tubes from this test was on average 0.3% for one sampling cycle.
Reference samplings for sewage, manure, soil and sediment Samples of untreated sewage, representing dry-weather flow during a single day (N ¼ 4), were collected at the inlet of a sewer pumping station south of the lake using sterile polyethylene bottles. A composite sample, consisting of 500 mL from each of these sampling occasions (2 L in total) was prepared for analysis of parasites. Fresh bovine manure samples from ten animals of different age and sex, from the same herd as was represented at site 17, was collected, pooled and diluted (60 g manure in 300 mL sterile deionized water) prior to further analysis (N ¼ 3). Pristine soil samples were collected from three sites selected at hillocks around the lake at two different occasions. A core of soil at 1-5 cm depth was sampled in duplicate at each site (25 g soil, 12 samples in total). Five composite sediment samples, each consisting of 15 subsamples from an area of about 0.5 m 2 , were collected along the stream upstream site 3, at distances 0, 120, 320, 330 and 520 m from the lake shoreline ( Figure 1 ). For each composite sample, top sediment layers were collected with a sterile 50 mL syringe into one sterile glass bottle. All samples were kept at þ4 W C during transport to the laboratory.
Microbial analyses
Water samples were analysed for indicator bacteria within 6 h from sampling using standardised methods. For total coliforms and E. coli the Colilert™ Quantitray method was used (IDEXX Laboratories, Inc., ME, USA). Analysis for intestinal enterococci and sulphite-reducing Clostridia were through the standard membrane filtration methods (ISO , a), but without preheating in the latter. 
Physico-chemical analyses
Samples from the events were analysed for physico-chemical parameters, including turbidity (ISO ), conductivity (ISO ) and UV254 following standard procedures.
Statistical analyses
Data from microbial analyses were presented on a logarithmic scale (log 10 ) in the results. To illustrate the variation over time in the flow-weighted samples, data for the faecal indicators and physico-chemical parameters were plotted against runoff volume. Site-specific correlation coefficients were calculated for parameters analysed during the rainfall events after grouping data from both events at each location.
Due to the non-linear nature of the parameters, the Spearman rank correlation coefficients were calculated, and statistical significance was assessed at the 95% confidence level (Spearman's rho, two-tailed, α ¼ 0.05).
RESULTS
Rainfall event sampling
The first rainfall event (3:I), sampled from the stream at site 3, was preceded by a 1.5 month dry weather period (Table 1) . As illustrated in the hydrograph, a rapid runoff followed this intensive rainfall (21 mm) with a maximum flow of 15 L/s (Figure 2(a) ). Event 3:II on the other hand, with a smaller rain depth (7 mm), followed a rainy period, with one dry weather day preceding the event. A smooth increase of the stream flow was observed, with a peak flow of 17 L/s towards the end of the event (Figure 2(b) ). The levels of faecal indicators during the events 3:I and 3:II are presented in During event 17:I, with a rainfall of 6 mm after a week with sporadic and low-intensity rainfalls (Table 1) , a maximum flow of 0.7 L/s was registered (Figure 3 ). For 17:I, the sampling represented the beginning of the runoff hydrograph, with five samples collected before the peak and three samples representing the peak and the receding limb ( Figure 3(a) ). Event 17:II followed a wet period with 9 mm rainfall on 10-11 November, 2 days after 17:I. For 17:II, representing a rainfall of 16 mm, a hydrograph consisting of four separate maxima was measured, where the highest flow (1.2 L/s) was observed as the final peak (Figure 3(b) ).
For event 17:I, the highest microbial concentrations were observed at the beginning of the event followed by a decay, except for the BacR marker, which was detected at high levels throughout the event. Higher initial levels were found for sulphite-reducing Clostridia (910 CFU/ levels of UV254 increased during the event. For 17:II, the physico-chemical parameters were stable throughout the event (Figure 3(f) ). SFB were not detected in 17:I or 17:II.
Correlations analyses from event samplings
Positive and strong correlations were observed for the stream (events 3:I and 3:II) between E. coli and all parameters, except BacR ( Giardia and Cryptosporidium
The parasites were not detected in any of the sampled events or in the sewage. 
Reference samples
The BacH marker was detected in sewage and once in bovine manure, while the BacR marker was detected in bovine manure but not in sewage (Table 3 ). The reference samples of soil were positive for the BacH and BacR markers, detected at similar levels (median 5.3 and 5.5 log ME/g dry-weight matter; Table 3 ). In the analysis for E. coli that was performed on the soil samples collected at the second sampling occasion (N ¼ 6), all were negative (<23 MPN/g dry-weight). In the sediment samples from the stream at site 3, both BacH and BacR were detected with BacH at about 2 log-units higher levels (Table 3 ).
E. coli were detected in all sediment samples (median 5.6 MPN/g dry-weight).
DISCUSSION
We have assessed the variability of microbial impact during rainfalls based on flow-weighted event samples collected at two potential sources for Cryptosporidium spp. and Giardia spp. around Lake Rådasjön. The lake is comparable to many other surface waters in Northern Europe in that the continuous faecal impact of point and diffuse sources is assumed to be low, but where sudden peak concentrations historically have resulted in waterborne outbreaks (Hrudey & Hrudey ) . demonstrated that human faecal contamination at site 3 may significantly contribute to the pathogen levels at the raw water intake in Lake Rådasjön. Given the higher endemic prevalence of Cryptosporidium spp. in cattle compared with humans, site 17 was considered to be an important source contributing to the levels of parasites at the raw water intakes.
The faecal contamination and microbial impact during the rainfall events varied between the different events at both sampling sites, with a duration from a few hours (17:I, Importantly, both the BacH and BacR markers were detected in soil samples ( Table 3) . Six of the twelve soil samples were also tested for E. coli and all samples were negative. Although it is not likely that these samples were recently exposed to human or bovine faecal matter, we cannot completely rule out this possibility. Based on these results, we suggest that further investigations of presence of faecal contamination by wild animals, or an indigenous soil Bacteriodales community that might cause cross-reactions with BacH and BacR markers in soil, is warranted (see below). The BacR marker concentrations in 3:I ( Figure 2 ) and in upstream sediment samples (Table 3) were several orders of magnitude lower than the BacH mar- 
